This work demonstrates technical approaches to high-quality magnetic resonance imaging (MRI) of small structures of the mouse brain in vivo. It turns out that excellent soft-tissue contrast requires the reduction of partial volume effects by using 3D MRI at high (isotropic) resolution with linear voxel dimensions of about 100 Á/150 mm. The long T 2 * relaxation times at relatively low magnetic fields (2.35 T) offer the benefit of a small receiver bandwidth (increased signal-to-noise) at a moderate echo time which together with the small voxel size avoids visual susceptibility artifacts. For measuring times of 1 Á/1.5 h both 1 relaxation times at relatively low magnetic fields (2.35 T) offer the benefit of a small receiver bandwidth (increased signal-to-noise) at a moderate echo time which together with the small voxel size avoids visual susceptibility artifacts. For measuring times of 1 Á/1.5 h both T 1 -weighted (FLASH) and T 2 -weighted (Fast Spin-Echo) 3D MRI acquisitions exhibit detailed anatomical insights in accordance with histological sections from a mouse brain atlas. Preliminary applications address the identification of neuroanatomical variations in different mouse strains and the use of Mn 2' as a T 1 contrast agent for neuroaxonal tracing of fiber tracts within the mouse visual pathway. #
Introduction
During the past decade progress in neurogenetics has considerably facilitated the development of mutant mice. Since noninvasive magnetic resonance techniques provide structural, metabolic, and functional insights into the central nervous system in vivo and, furthermore, allow for repeated studies of the same animal, magnetic resonance imaging (MRI) and magnetic resonance spectroscopy are expected to become important research tools in system-oriented neurobiology with foreseeable contributions to functional genomics and considerable potential to bridge the gap to clinical applications.
Previous MRI studies of the brain of normal and/or mutant mice may be divided into two categories (for reviews, see Budinger et al., 1999; Jacobs et al., 1999b; Benveniste et al., 2000; Jacobs and Cherry, 2001; Kooy et al., 2001) . First of all, post mortem imaging of excised specimen has reached near-microscopic spatial resolution as good as 15 )/15 )/15 mm 3 and is commonly performed at magnetic field strengths of 9.4 T or higher (Kornguth et al., 1994; Smith et al., 1994; Jacobs et al., 1999a) . Although such studies yield geometrically undistorted three-dimensional representations of the brain or selected structures and thus extend histological reconstructions, they sacrifice the inherent noninvasiveness of MRI and, for example, exclude follow-up measurements during disease progression and for the evaluation of novel therapeutic interventions.
In contrast, the few in vivo MRI studies of mouse brain reported so far cover a wide range of voxel sizes and field strengths, for example 98)/156)/1500 mm 3 at 11.7 T (Dubowitz et al., 2000) , 140 )/140 )/1200 mm 3 at 4.7 T (Hesselbarth et al., 1998) , 156 )/156)/1000 mm 3 at 14 T (Yang et al., 1999) , 100 )/200)/900 mm 3 at 2.39 T (Munasinghe et al., 1995) , 78 )/156)/343 mm 3 at 7 T (Kooy et al., 1999) , and 150 )/150 )/150 mm 3 at 4.7 T (Xu et al., 1998) . It is of interest to note, that most approaches emphasize a high in-plane resolution at the expense of a much poorer section thickness. While acceptable for larger animals and humans, the disregard of high spatial resolution in all three dimensions compromises the delineation of small structures (e.g., hippocampal formation) in the mouse brain (typical length 14 mm, width 9 mm, height 6 mm) by significant partial volume effects.
The purpose of this study was (i) to develop T 1 -and T 2 -weighted 3D MRI protocols for high-resolution studies of mouse brain in vivo which allow for the identification of small cerebral structures, (ii) to perform a direct comparison of anatomical structures with histological sections of C57BL/6J mice as the most frequently used strain in gene knockout studies, and (iii) to examine the potential of these protocols for phenotyping of different mouse strains and in vivo tracing of axonal fiber connections after Mn 2' administration. A preliminary account has been given in abstract form (Natt et al., 2002) .
Materials and methods
All studies were performed in accordance with German animal protection laws and approved by the responsible governmental authority. Young adult NMRI mice (n0/18, female), C57BL/6J mice (n0/4, male), and BALB/c mice (n 0/4, male) underwent MRI examinations at 2.35 T using a MRBR 4.7/400 mm magnet (Magnex Scientific, Abingdon, England) equipped with BGA20 gradients (100 mT m (1 ) driven by a DBX system (Bruker Biospin, Ettlingen, Germany).
For in vivo studies the animals were intubated and kept under halothane anesthesia (1.0 Á/1.5% halothane in 70:30 N 2 O:O 2 ). All animals were placed in a prone position with their heads firmly fixed in a purpose-built stereotactic device. Radiofrequency (RF) excitation and signal reception were accomplished with use of a Helmholtz coil (ø 100 mm) and an elliptical surface coil (20 mm anteriorÁ/posterior, 12 mm left Á/right), respectively. The rectal body temperature was maintained constant at 379/1 8C using heated water blankets.
T 1 -weighted and T 2 -weighted 3D MRI
To provide optimum T 1 contrast between gray and white matter as well as to facilitate the use of T 1 contrast agents and future applications such as angiography which depend on gradient-echo signals, T 1 -weighted MRI was based on an RF spoiled 3D FLASH sequence. Even a relatively low receiver bandwidth of 12.5 kHz resulted in only a moderate echo time of 7.6 ms which at 2.35 T poses no problems with regard to tissue susceptibility artifacts. In conjunction with the shortest possible repetition time of 17 ms the flip angle was adjusted to 258 for optimum SNR and gray/white matter contrast.
Optimum T 2 contrast was achieved with use of an efficient fast spin-echo (FSE) sequence (flip angles: 908, 1808) with the mean echo time adjusted to 98 ms. The resulting echo train allowed for the acquisition of 16 differently phase-encoded echoes with a receiver bandwidth of 16.7 kHz. To avoid compromising T 1 and T 2 signal alterations, a long repetition time of 3000 ms was chosen to reduce the effects from T 1 saturation.
Three dimensional data acquisitions were based on a field of view of 15)/15)/15 mm and in plane data matrices of 128 )/96, which after interpolation to 128)/ 128 (zero filling) yielded an image resolution of 117)/ 117 mm 2 . To investigate the effect of section thickness, T 1 -weighted 3D FLASH MRI was performed with 16, 32, 64, and 96 phase encoding steps in the third direction providing section thicknesses of 938, 469, 234, and 156 mm, respectively. The number of data accumulations for each section thickness was chosen to provide equal measuring times (192, 96, 48, 32 accumulations for data sets acquired with 16, 32, 64, 96 phase encoding steps, respectively) Fig. 1 shows mid-sagittal images which serve to define reference planes for intra-and interindividual comparisons independent of the orientation of the original 3D MRI data set. Since structural landmarks of the skull such as bregma and lambda are barely visible in MR images, the commonly used 'flat-skull' position is difficult to identify. As in human studies, the present work, therefore, employed the orientation of the anterior commissure (AC) to the posterior commissure (PC) to derive a suitable reference frame. Accordingly, a horizontal (coronal) reference plane was obtained by a 308 ((/608) rotation of the AC-PC plane as illustrated in Fig. 1. 
Retinal administration of manganese
Mapping of retinal projections by T 1 -weighted 3D MRI was accomplished 20 h after administration of a 0.5 ml volume of a 120 mM aqueous solution of MnCl 2 (Sigma, Taufkirchen, Germany) into the vitreous body of the left eye. Intraocular injection of Mn 2' was performed over a 1 min period with a needle (17 mm length, 0.30 mm outer diameter) connected via a polyethylene tube (90 mm length, 0.28 mm inner diameter, Portex, UK) to a syringe. The needle was left in place for 10 min and then slowly withdrawn to minimize the loss of MnCl 2 from leakage at the injection site. The procedure closely followed a protocol recently described for rats by Watanabe et al. (2001) .
Results and discussion

Partial volume effects and beyond
The most enlightening aspect of the use of 3D MRI at suitable anatomical resolution is the unraveling of structural detail by removing partial volume effects. Fig. 2 demonstrates how unreasonably low resolution obscures contrast by merging signal intensity differences from neighboring though distinct structures. For image acquisitions with section thicknesses of 500 mm or more (left two columns of Fig. 2) , most of the tissue contrast is lost. While coarse structures of the mouse brain (e.g. cerebellum, midbrain, olfactory bulb) are readily visible in images at a section thickness of about 1000 mm, a section thickness of 500 mm or less is necessary to resolve large white matter tracts such as corpus callosum, external capsule, and fimbria hippocampi. A further decrease of the section thickness to 234 or 156 mm (right two columns of Fig. 2 ) reveals even smaller structures such as the hippocampal formation and the medial habenular nucleus. Note that the best soft-tissue contrast was obtained with the smallest section thickness. These findings favor the use of an isotropic spatial resolution for MRI of small brains. For mice such strategies lead to a desirable linear voxel dimension approaching 100 mm.
Of course, practical applications have to find a reasonable compromise between spatial resolution, SNR, and measurement time when aiming at in vivo studies. For the best resolution of 117)/156)/156 mm 3 (2.8 nl voxel size without zero filling) acquired in this study, a SNR (calculated as the ratio of the image intensity in the region of interest and the standard deviation of the noise outside the mouse head) of 15Á/20 turned out to be sufficient to unveil anatomical details within the mouse brain. Taken the given experimental setup into account, i.e. the instrument hardware, animal arrangement, and RF coil design, such conditions were met for measuring times of 1 Á/1.5 h.
Based on these results, investigations demonstrating the applicability of 3D MRI for 'phenotyping of C57BL/ 6J and BALB/c mice' and 'mapping of retinal projections' were based on the parameters listed in Table 1 .
Phenotyping of C57BL/6J and BALB/c mice
Figs. 3 and 4 compare horizontal and coronal images from 3D MRI data sets of the brain of a C57BL/6J mouse with histological sections from a conventional anatomic atlas (Rosen et al., 2000) . In close correspondence to the histology at 4.5 )/4.5 )/30 mm 3 resolution a large number of gray and white matter structures can be identified in both T 1 -and T 2 -weighted images (see captions). In general, the present results show a slight tendency in favor of T 1 -weighted gradient-echo MRI sequences for the analysis of the normal neuroanatomy. However, the usefulness and sensitivity of T 2 -weighted sequences for the detection of pathologic alterations is well appreciated. Here, major white matter tracts such as the external capsule, AC, and fimbria can be well differentiated in both T 1 -and T 2 -weighted MRI, whereas T 1 -weighted 3D FLASH appears to be more sensitive for a delineation of the hippocampal formation. The utility of T 1 -weighted MRI is also supported by the images shown in Fig. 5 depicting neuroanatomical variations in sagittal, horizontal, and coronal sections of two different mouse strains. The images in the left column reveal the much larger ventricular spaces of the C57BL/6J mouse in comparison with the BALB/c mouse. Corresponding differences are most pronounced in the ventricles of the forebrain.
Mapping of retinal projections
Despite measuring times of 1Á/1.5 h, high-resolution 3D MRI acquisitions allow for dynamic studies of slow functional processes such as the neuronal uptake and axonal transport of Mn 2' as an analogue to Ca 2' . As demonstrated in Fig. 6 , this concept has been exploited for mapping the retinal projections 20 h after intraocular injection of Mn 2' into the left eye. The combination of Mn 2' -induced signal enhancement and T 1 -weighted 3D FLASH results in a functional delineation of axonal connectivities within the visual pathway of a living mouse. The selected sections cover the retinal Table 1 ) of mouse brain in vivo (C57BL/6J) in comparision with (middle) histological sections (Reproduced with permission from Rosen et al., 2000) . From top to bottom the sections are 2.2, 1.9, 1.7, 1.1 and 0.0 mm dorsal to the reference plane in Fig. 1 . The following structures are well delineated: (1) corpus callosum, (2) external capsule, (3) fimbria hippocampi, (4) hippocampal formation, (5) medial habenular nucleus, (6) ventral hippocampal commissure, (7) internal capsule, (8) cerebellar sulci, (9) fornix, and (10) anterior commissure.
projections from the left retina up to the right superior colliculus.
Conclusion
It has been shown that high-resolution 3D MRI studies of mouse brain in vivo yield excellent SNR and soft-tissue contrast. In this context, the use of isotropic or near-isotropic spatial resolution with linear voxel dimensions of about 100Á/150 mm (corresponding to volumes of 1.0 Á/3.4 nl) turns out to be a prerequisite for minimizing partial volume effects and thus enhancing the contrast of the small anatomical structures of mouse brain. The surprisingly good performance of the low field, in particular for 3D gradient-echo MRI, stems from the fact that T 2 * relaxation times are much longer at low than at high magnetic fields. This allows for the use of small receiver bandwidths at moderate echo times which, together with the small voxel size, have the additional advantage of avoiding visible susceptibility artifacts. 1 relaxation times are much longer at low than at high magnetic fields. This allows for the use of small receiver bandwidths at moderate echo times which, together with the small voxel size, have the additional advantage of avoiding visible susceptibility artifacts.
In summary, the techniques presented here provide access to excellent anatomical details of mouse brain as well as of functional aspects with the option for repeated studies of the same animal. The experimental findings suggest that -independent of the actual field strength -3D MRI at high spatial resolution bears considerable potential for in vivo phenotyping and the evaluation of therapies in mutant mice. Rosen et al., 2000) . From top to bottom the sections are 0.0, 1.7, 2.5, and 5.7 mm posterior to the reference plane shown in Fig. 1 . The following structures are well delineated: (1) corpus callosum, (2) external capsule, (4) hippocampal formation, (7) internal capsule, (8) cerebellar sulci, (9) fornix, and (10) anterior commissure. Table 1 ) of the brain of (left) a C57BL/6J and (right) a BALB/c mouse in vivo demonstrating structural variations in different strains such as larger ventricles in the forebrain (arrows). The images refer to (top) a midsagittal position, (middle) a horizontal section 1.5 mm shifted dorsal to the reference plane in Fig. 1 , and (bottom) a coronal section 0.3 mm posterior to the reference plane. 
